Background-In patients with aortic stenosis (AS), precise assessment of severity is critical for treatment decisions.
A ortic stenosis (AS) is the most common acquired valve disease in the developed world, with an age-related increase in prevalence. 1 In symptomatic patients with severe AS, conventional aortic valve replacement still remains the standard of care; however, elderly patients frequently have several comorbidities that make surgery potentially prohibitive. Because of recent advances in percutaneous techniques such as transcatheter aortic valve implantation (TAVI), the therapeutic options have expanded to include patients considered at high risk for surgery. 2 
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Precise assessment of AS severity is essential for appropriate treatment decision-making. Standard echocardiographic assessment of aortic valve area (AVA) relies on congruence of several criteria including transaortic gradients and AVA, calculated by continuity equation and/or planimetry. 3 The standard 2D estimation of AVA using the continuity equation is based on the assumption of a circular shape of the left ventricular outflow tract (LVOT). However, previous studies describe a high prevalence of oval LVOT shape, potentially causing underestimation of AVA calculation with the continuity equation. 4 -8 The recent use of multidetector computed tomography (MDCT) for preprocedural assessment of the aortic valve/ root in the context of TAVI allows us to evaluate the impact of 3D image analysis on the congruence between severity criteria. 4 -7,9 -13 The aim of our study was to evaluate (1) differences in echocardiographic and MDCT-derived AVA and (2) whether incorporation of MDCT LVOT area into continuity equation improves congruence between various criteria for severity of AS.
Methods
Fifty-one consecutive symptomatic patients, with suspected severe AS referred to our institution for evaluation for potential surgical versus percutaneous treatment options between the years 2006 to 2007, were included in this observational study. Patients were included if they had undergone clinically indicated comprehensive standard and Doppler echocardiography and contrast-enhanced MDCT of the aortic root at our institution within 1 week of each other. We excluded patients with bicuspid aortic valve morphology because there is a high proportion of aortic root and annular eccentricity. Patients with advanced renal insufficiency or other contraindications to intravenous contrast dye were excluded. Baseline, clinical, demographic, and imaging data were collected. Surgical risk was assessed, based on clinical and imaging data, and a Euroscore was calculated in each patient. 14 This observational study was approved by the institutional review board, with waiver of individual informed consent.
Transthoracic Echocardiography
Surface echocardiograms were obtained using commercially available systems (Siemens, Erlangen, Germany; General Electric, Milwaukee, WI, and Philips, Best, The Netherlands). Left ventricular ejection fraction (EF) was calculated according to guidelines. 15 Peak and mean transaortic valvular gradients were measured in all patients using continuous wave Doppler in standard echocardiographic views. Velocity time integrals (VTI) across aortic valve (using continuous wave Doppler) and LVOT (using pulsed wave Doppler) were also recorded. Diameter of the LVOT was measured from the parasternal long-axis in a standard fashion during midsystole. LVOT area was derived from this measurement in a standard fashion. Transthoracic AVA (TTE-AVA) was calculated by using the continuity equation in a standard fashion using the following formula ( Figure 1A through 1D ): (LVOT diameter 2 ϫ0.786ϫLVOT VTI )/ Aortic valve VTI . In addition, dimensionless index (DI) was recorded as follows: LVOT VTI /Aortic valve VTI. All measurements were performed according to previously published guidelines. 3 
MDCT Acquisition and Analysis
All subjects were scanned on standard MDCT scanner (Siemens Medical Solutions, Definition Dual Source, Erlangen, Germany) after administration of an iodinated contrast agent (80 to 100 mL of Ultravist 370) at 4 to 5 mL/s followed by 30 to 50 mL of normal saline at the same rate. A contrast bolus tracking technique using a region of interest in the ascending aorta was used. Once the desired attenuation was reached, scanning was initiated in the craniocaudal direction during a single inspiratory breath-hold. All patients were scanned from the level of the carina to the mid left ventricle. Spiral data were acquired with retrospective ECG gating using the follow- Figure 1 . Patient with suspected severe aortic stenosis. Ejection fraction was 55%. On transthoracic echocardiography, left ventricular outflow tract (LVOT) diameter was measured as 1.8 cm (A). Notice the heavily calcified valve in short axis (B). Aortic VTI was 127 and LVOT VTI was 35 (C and D). Based on that, aortic valve area (AVA) was measured as 0.70 cm 2 . However, after multiplanar reformatting, the LVOT was elliptical on multidetector computed tomography, with an eccentricity index of 1.2, measured as a ratio of the largest (dark line)/shortest (white line) diameter (E), and measured LVOT area was 3.24 cm 2 . Putting that in the continuity equation gave a corrected AVA of 0.9 cm 2 . CT planimetry AVA was 0.98 cm 2 (F).
ing parameters: gantry rotation timeϭ330 ms; beam collimationϭ32ϫ0.6 mm; tube voltageϭ120 kVp; tube current-time product per rotationϭ250 to 410 mAs/rotation; and beam pitch of 0.2 to 0.5. ECG-based tube current modulation was used for all patients, with maximum current turned on between 30% to 70% phases of the cardiac cycle. For the remaining phases, the current was reduced. Images were reconstructed during 10 to 14 phases of the cardiac cycle, depending on the patient heart rate with a temporal resolution of 83 ms and section thickness of 0.75 mm. Typical radiation in the study sample was Ͻ12 mSEV. MDCT images were analyzed on a dedicated CT workstation (Terra Recon, CA). The investigator (M.D.), experienced in interpreting cardiac CT, was blinded to the subject's clinical status and TTE images. The largest cross-sectional area of the LVOT was measured in systole (30% to 40% of the R-R phase), using double oblique images to identify the true short axis, approximately 0.5 to 0.7 cm below the aortic valve "hinge point." The maximum and minimum diameters of the LVOT were also measured to calculate the eccentricity index (maximum/minimum LVOT diameter after multiplanar reformatting, Figure 1E ). Quantitatively, the AVA was determined by planimetry of the aortic valve using a plane parallel to the short axis of the aortic root. The time point of maximal aortic valve opening was identified during systole (usually at 30% to 40% of the R-R interval). The area of the aortic valve opening was found by scrolling through the short axis images toward the tip of the cusps until the smallest opening was found. The planimetered AVA on MDCT (AVA p ) was determined by tracing the inside borders of the coronary cusps with electronic calipers and reported in square centimeters ( Figure 1F ).
Corrected Multimodality AVA
We then used the LVOT area, measured on MDCT, as part of the continuity equation, to generate a corrected multimodality AVA as follows: (Maximum LVOT area MDCT ϫLVOT VTI )/Aortic valve VTI .
Statistical Analysis
All values presented are meanϮSD values for continuous variables and as percentage of total patients for categorical variables. The 2 independent samples and paired t tests were used to compare continuous variables for comparison between and within groups, respectively.
2 was used for comparison of categoric variables.
Pearson correlation coefficient was used to test associations between continuous variables. In addition, interobserver (B.O. and M.D.) and intraobserver (M.D.) reproducibility of various MDCT parameters was measured by using intraclass correlation coefficients. BlandAltman analysis was performed to systematically assess the differences between LVOT area measured using 2 different imaging techniques (echocardiography and MDCT). 16 All probability values were 2-sided. A probability value of Ͻ0.05 was considered significant. Data assembly statistical comparisons were performed with JMP Software version 6.0.2 and SPSS version 11.5 (SPSS Inc, Chicago, IL).
Results

Baseline Characteristics
The baseline characteristics of the total group and 2 subgroups divided on basis of preserved or low LV EF are shown in Table 1 . Mean age was 81Ϯ8 years, of which 61% were men (with a significantly higher proportion of men in the depressed LV EF subgroup). The mean Euroscore was high, suggesting a fairly high-risk sample at baseline. Approximately two-thirds of the study group had a history of prior open heart surgery. In the study sample, 10 (20%) patients qualified and subsequently underwent TAVI, as part of a clinical trial, whereas 15 (29%) underwent aortic valve replacement and 4 (8%) underwent percutaneous balloon valvuloplasty.
The baseline echocardiographic measurements of the total group and 2 subgroups, divided on the basis of preserved or low LV EF, are shown in Table 2 . As shown in Table 2 , only 31 (59%) patients had an EF Ͼ50%, whereas 9 (18%) had EF between 40% and 50% and 11 (24%) had EF Ͻ40%. In terms of mean transaortic gradients, 27 (53%) had values Ն40 mm Hg, 15 (29%) between 30 to 40 mm Hg and 9 (18%) Ͻ30 mm Hg. Only 8% of patients had greater than 2ϩ aortic regurgitation. The MDCT characteristics are also shown in Table 2 . The maximum LVOT diameter measured on MDCT was significantly greater than that on echocardiography (2.73Ϯ0. 4 
Congruence Between MDCT and Echocardiography Parameters
We subsequently tested the correlation between various Doppler-derived measurements and AVA measured by different techniques, as shown in Table 3 and Figure 3A through 3C. Correlation of mean transaortic gradient with TTE-AVA (measured on continuity) was only modest. However, the correlation of mean transaortic gradient with AVA p measured on MDCT and corrected" AVA was significantly improved as compared with TTE-AVA (probability value for "improvement" in correlation was Ͻ0.01). When contrasting patients with normal and abnormal EF, the correlation between mean gradient and TTE-AVA, AVA p , and corrected AVA were much lower in patients with EF Ͻ50% than in patients with EF Ն50% (probability value for "improvement" in various corresponding correlations were Ͻ0.01).
Congruence Between DI and AVA
In terms of TTE-AVA (by continuity equation), 40 (78%) patients had an AVA of Ͻ0.8 cm 2 . The DI was Յ0.25 in only 30 (59%) cases. In the study sample, only 37 (73%) of the patients had congruence of criteria for severe AS (DI Յ0.25 and TTE-AVA Ͻ0.8 cm 2 ). However using an AVA p (MDCT-based) cutoff of Ͻ0.8 cm 2 for severe AS, the congruence increased to 80% patients. Similarly, if corrected AVA with a cutoff of Ͻ0.8 cm 2 was used, the number of patients with congruence increased to 92% (probability value for comparison Ͻ0.05).
Discussion
In the present study, we found that in patients with suspected severe AS, integration of 3D imaging data are associated with increased congruence between DI and AVA, leading to improved classification of stenosis severity. Specifically, TTE-AVA calculated using standard continuity equation with assumed circular LVOT geometry was significantly smaller than corrected AVA, based on MDCT-derived LVOT area. Corrected AVA showed good correlation with AVA p measured on MDCT.
The differences in standard and corrected AVA appear secondary to consistently smaller LVOT dimensions mea- 
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sured with TTE as compared with MDCT. TTE calculates LVOT based on a single measured diameter, whereas the LVOT was measured with CT by planimetry. The calculation from a single diameter is limited because of the known frequent eccentricity of the annulus and squaring of the diameter to derive the area augments even small errors. Our study sample was consistent with this observation as a vast majority of patient had an elliptical LVOT. Prior groups have also found that a high proportion of patients have an elliptical LVOT. 4 -8 Previous studies have also demonstrated that TTE underestimates AVA compared with MDCT, cardiac magnetic resonance, transesophageal echocardiography, Gorlin formula, and even surgical sizers. 8, 12, [17] [18] [19] [20] One study compared AVA from planimetry on MDCT to AVA calculated using traditional TTE and found good concordance between the 2 measurements with small underestimation of area by TTE. 18 A previous report has also demonstrated good concordance between TTE-AVA and AVA p on MDCT, with a tendency for underestimation of AVA by TTE (similar to the current study). 21 Another study also measured the coronal and sagittal diameter of the aortic annulus on MDCT and found that MDCT-derived diameters were significantly larger than diameters measured on echocardiography. 12 On further analysis, it was also apparent that patients with low LV EF had a significantly higher LVOT diameter on TTE, probably reflecting changes concomitant with LV remodeling. These patients also had a lower LVOT VTI , as would be expected. As a result, there was a significant impact of LV EF on the association between TTE-AVA and transaortic gradient, with lower EF resulting in much poorer correlation. The correlation between corrected AVA and mean gradient improved significantly in particular in the low EF group. Similarly, EF had a significant impact on the association between TTE-AVA and DI, with low EF resulting in much poorer correlation. The most likely reason behind this is the improved accuracy of measurements using MDCT LVOT area.
Importantly, we demonstrate that when using AVA p and corrected AVA, more patients had congruent criteria for severity of AS, especially low EF patients. This is potentially important because severity of AS is the ultimate deciding factor in timing of intervention. Based on the results of this study, it appears that in patients with discrepant calculated valve areas, transaortic gradients, and DI, an accurate 3D assessment of LVOT area would be crucial to classifying severity of AS. Further, severity of AS may be reclassified in a number of patients and potentially alter management. Hence, multimodality imaging could play complementary (as opposed to competing) roles in assessment of AS. Of course, with rapid evolution of 3D echocardiography (especially TEE), LVOT assessment can also potentially be performed using that technique. 4, 17 However, it must be kept in mind that in the current study, we included only patients with severe AS, and, as such, the increased elliptical nature of the LVOT might not be applicable to patients with mild-moderate AS.
Similar to our study, others have attempted to measure a cross section of the LVOT or planimetered LVOT area on MDCT and compare it with other imaging modalities as well as incorporate this measurement into assessments of AVA. In one study, it was demonstrated that the ellipse-derived LVOT diameter measurement, when incorporated into the continuity equation, correlated more closely with planimetered LVOT area compared with the traditional circle-derived LVOT area. 8 However, only 11 patients in this study had both MDCT and TTE for comparison, and none of the patients had significant AS. Another study compared MDCT planimetered LVOT area to 2D TEE circular-derived LVOT area, 3D TEE circular-derived LVOT area, and 3D TEE planimetered LVOT area in patients with severe AS. 4 All TEE methods significantly underestimated LVOT area compared with MDCT. Recalculating AVA using 3D TEE circular, 3D TEE planimetered, and MDCT planimetered LVOT areas, a respective 10%, 25%, and 25% of patients were reclassified as moderate stenosis highlighting the importance of accurate LVOT measurements. However, the sample was different from the current study such that the EF was substantially higher, all patients in that study underwent TAVI (despite Ϸ25% being reclassified as moderate AS in retrospect), and a substantially smaller number had a history of prior open heart surgery. Finally, another group also substituted CT planimetered LVOT area into the continuity equation and their corrected AVA was not only systematically larger compared with AVA derived from standard continuity equation but also improved correlation between various severity measurements. 22 However, this study sample was much younger (average age, 58 years) and included only 10 patients with moderate to severe AS. Our study predominantly included patients with severe AS (that had a need for invasive therapies). In addition, we included a sizable proportion of patients with abnormal EF (where multimodality imaging evaluation is likely to have the most significant impact).
Recently, MDCT has evolved as an important modality for aortic valve assessment and its therapeutic planning; perhaps out of necessity. With an increasing number of redo cardiac surgical procedures, MDCT has become an invaluable tool for preoperative planning. Indeed, in our study sample, a substantial proportion of patients had a history of prior cardiac surgeries and were being considered for redo procedures, in which MDCT has been demonstrated to have incremental diagnostic utility and is considered an appropriate indication. [23] [24] [25] Furthermore, TAVI is rapidly emerging as a viable therapeutic option in patients with severe AS. 2 However, due to lack of direct visualization during TAVI, the operator is more reliant on preprocedural and intraprocedural imaging both for appropriate patient selection and to guide the procedure. One of the major advantages of a traditional open surgical approach is that direct visualization of the valvular apparatus is feasible, enabling appropriate valve prosthesis selection. Hence, MDCT has become routine in assessment of such patients to evaluate for aortic valve/aortic calcification, assessment of aortic root morphology, and evaluation of the anatomic relationship between coronary artery takeoff and aortic annulus. 4 -7,9 -13 On the basis of the results of this study, we can potentially use information about LVOT area obtained on MDCT for the above indications at no additional cost of radiation or nephrotoxicity in this sample. However, it must be recognized that most outcomes data in AS are based on echocardiographic measures, and multimodality evaluation of severity of AS needs validation for its potential incremental value. The current study has following limitations. This is an observational study with a relatively small sample size. Hence, there is low power to detect differences between groups of patients. Also, there is a possibility of severely inflated type I error because of multiple testing without adjusting the significance level. MDCT is limited by the need for iodine-based contrast administration, which brings in the added burden potential nephrotoxicity, especially in an older sample (typical of severe, nonbicuspid AS). Although MDCT is also associated with significant radiation exposure, the risks of long-term deleterious effects of radiation are of lesser concern in an elderly population of AS patients. Still, for the MDCT community, it is important to continue to work on minimizing radiation exposure. With availability of newer scanners and newer imaging techniques, the concept of aggressive radiation reduction is rapidly evolving. Another limitation is that of establishing the gold standard for assessment of AVA: planimetry by standard TTE, TEE, and 3D TEE MDCT, or the Gorlin formula. Unfortunately, not all patients in the study sample had a transesophageal echocardiogram performed in the current study sample; with no one having 3D TEE images. As a result, that data are not presented for the study sample. It is possible that the LVOT assessment can potentially be performed using that technique. Indeed, previous studies have attempted to incorporate that in assessment of AS. However, transesophageal echocardiography is invasive, necessitating sedation in this already frail sample. As demonstrated in the current study, information on LVOT area on MDCT is available without any additional ramifications to the patient. Also, AVA estimated by the Gorlin formula was not uniformly available in the study sample, probably reflecting the current practice of increased reliance on noninvasive measures.
Conclusions
We demonstrate that in the vast majority of older patients with severe AS, AVA is typically underestimated using standard surface echocardiography measurements alone. Incorporating the LVOT area, which is frequently elliptical when measured using a 3D technique such as MDCT, into the continuity equation reduces the discrepant classification of severity of AS, especially in patients with lower EF. Improved congruence in AVA measurements could help selection of appropriate patients for both conventional surgical treatment and TAVI. In addition, it could also help in further refinements in shape and size of future percutaneous aortic valves.
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